Abstract.This work presents studies of the small signal stability applied to an electric power system with the consideration of the Power System Stabilizer in operation. The Power Sensitivity Model is used to represent the electric power system. Information about the stability of the electric power system when subjected to small disturbances is obtained simulating a test system.
Introduction
Small-Signal Stability is a fundamental condition for a safe and reliable operation of Electric Power Systems, so this topic is fairly studied in the literature [2, 5, 8] . This paper presents results of small-signal stability studies of a multi-machine power system, considering the Power System Stabilizers (PSS) as additional source of damping to low-frequency electromechanical oscillations,(local modes -characterized by frequencies in the range of 0,8 Hz to 2,0 Hz). Since PSS is a local controller, a local signal, deviations of generator angular speed [9] , is used as its input. The Power Sensitivity Model (PSM) is used to represent the electric power system [4] . Participation factors and residues will show which generators should be equipped with PSS [1, 6, 7, 12] . The phase compensation method will be used to adjust the PSS parameters. Simulations of the South-Brazilian Reduced [10] system will give assessments and conclusions about stability of power systems.
Power Sensitivity Model
Power Sensitivity Model is a linear analysis tool for the electric power systems. The fundamental concept is the application of active and reactive power balance for all the buses (nodes) of the system as shown by equations (2.1), where Ω k is the neighbour buses set of a generic bus k [4] .
In equations (2.1) subindices G, L and km represent respectively power generated, load power and power flow through a transmission line.
The PSM multi-machine modeling adopted in this paper uses as dynamical variables for each generator the angular velocity (ω), the rotor angle (δ), the internal voltage of quadrature axis (E The variables described above and the equations defining them must be linearized around an equilibrium point in a way on which they could be grouped in state variable vectors (∆x), algebraic variables (∆z) and input variables (∆u), as shown in the equations (2.2).
The dynamical behavior of the system is represented on the time domain according to the equation (2.3).
The electric power system representation on the frequency domain, shown on Figure 1 , is obtained from Laplace Transform of linearized system equations for a generic generator k.
Modal Analysis

Eigenvalues
The Small-Signal Stability of electric power systems is given by the eigenvalues of the state matrix A. Eigenvalues may be real or complex. A real eigenvalue represents a non-oscillatory mode, so if it is positive it corresponds to an aperiodic instability. However, a complex pair of eigenvalues corresponds to a particular oscillation mode. The real part of complex eigenvalues provides the damping coefficient, while the imaginary part gives the oscillation frequency. Thus, if the real part is negative, these oscillations decrease. In the case of some real and positive value, oscillations increase due to the lack of damping. The eigenvalues (λ) of the state matrix are given by the non-trivial solutions of the equation (3.1) . 
Eigenvectors
For each eigenvalue λ of the state matrix, there are right (ϕ) and left (ψ) eigenvectors which satisfy the equations (3.3) and (3.4), respectively.
In the stability analysis from eigenvectors some variables are defined, which can be observed (n state variables) and its contribution for each unstable oscillatory mode through participation factors f p ni can be obtained as follows according to the equation (3.5) .
The participation factor shows the relative participation of the state variable n in the mode i. These indices are dimensionless quantities that aid to identify possible sources of problems related to the poorly damped and/or unstable modes. From the participation factors the best generators to be equipped with PSS to provide effective degree of damping can be determined [1, 3, 11] .
Residues
Another way to obtain the best place to install PSS controllers is to use the residues of the open-loop transfer function of this device. The residues (R ijk ) provide information about the observability and controllability of the PSS input-output set (C j − B k ) in a predefined eigenvalue (λ i ) according to the right (ϕ i ) and left (ψ i ) eigenvectors as described in equation (3.6) .
Therefore, the bigger the residues obtained the bigger the damping insert on the system. It is emphasized that the residues obtained from each possible installation of the PSS provide the best localization of these devices on the system [6] .
Power System Stabilizer
The PSS is designed to introduce an electrical torque in phase with the rotor speed variations (damping torque). This is achieved by a supplementary stabilizing signal ∆V s applied to the automatic voltage regulator (AVR) of the generator as shown in Figure 2 . This Figure also exemplifies the PSS basic structure to promote phase compensation to the phase lag introduced by generator, excitation system and transmission system [1, 9] . Basically, this controller is composed of a static gain K pss which is adjusted to obtain the desired damping for unstable or poorly damped modes; a washout block is defined by the time constant T w (in the range of 1 to 20 seconds), it works as a filter for low-frequencies (0,8 to 2,0 Hz); the time constants T 1 , T 2 , T 3 and T 4 define two blocks lead-lag of the input signal [8] .
Inclusion of Power System Stabilizers in the PSM
The inclusion of PSS in the PSM is formulated by the equations (4.1) to (4.4), which are obtained from Figure 2 .
Analyzing the equations (4.1) to (4.4), it is observed that the action of PSS whose input signal are the variations of the angular speed, introduce three new state variables, namely ∆V 1 , ∆V 2 and ∆V s .
Design of PSS Parameters
Once the residues are obtained, this index gives the procedure to design and obtain the PSS parameters.
To design the controller, it is necessary to calculate the time constants T 1 = T 3 , T 2 = T 4 and the gain K pss in order to introduce the necessary phase compensation to the displacement of the eigenvalue of interests. An eigenvalue (λ i ) can be displaced to the left semi-plane including PSS, in such way that the real part becomes more negative, increasing the damping of the oscillatory mode. Equation (4.5) shows the relation between the displacement of the eigenvalue and the correspondent residue [6] .
Thus, consider that the angle to be compensated by the controller is β, and ω i is the frequency in rad/s of the electromechanical mode of interests, and λ ides the desired position of the eigenvalue, then the equation (4.6) provides the procedure to obtain the parameters of the controller.
;
Simulation and Results
The South-Brazilian Reduced system, whose diagram is shown in Figure 3 , has 10 generators, 45 buses and 73 transmission lines and will be used in the simulations. By using PSM we calculate the eigenvalues of state matrix, whose dominant values, the damping coefficient and the natural frequency of oscillation associated with them are shown in Table 1 .
Analyzing the eigenvalues listed in Table 1 it is noted that this system, for the considered operation condition, has nine oscillating modes, where five among them are unstable (modes 4, 5, 7, 8 and 9) . From the values of the natural frequencies it is observed that these modes are unstable local modes of oscillation. To lead the system to stability it is proposed the inclusion of PSSs, whose parameters will be adjusted in accordance with the procedure described previously.
The participation factors related to unstable modes were calculated and shown in Figure 4 in a way to define the best generators to be equipped with PSS.
The participation factors show that the variables ∆δ 1 , ∆ω 1 , ∆δ 3 , ∆ω 3 , ∆δ 4 , Another way to determine the best location for the PSS is obtained by the analysis of residue from open-loop transfer function of each controller to be inserted in each generator. So consider Table 2 , which shows the magnitude of the residues associated with the unstable modes and all possible locations of the PSS in the system. According to Table 2 it can be conclude that the residues magnitude gives the same results as the ones presented by participation factors. From these locations, parameters of four stabilizers were calculated by the method described in section 4.2 for two desired values of damping coefficients: 0, 05 and 0, 01. The results are shown in Table 3 .
Note in Table 3 that the time constants are the same for both settings, because the compensation is the same for both cases. In contrast to the gain values, which increase when it is required a bigger damping. Eigenvalues, damping coefficients and natural frequencies are shown in Table 4 due to installation of four PSS with the parameters shown in Table 3 (ζ = 0, 01). Note that the adjustments are very satisfactory, because the system has become stable with positive damping coefficients for all eigenvalues. Figure 5 shows the variations of the angular speed of the generator 3 due to a disturbance of 0,05 pu in the input mechanical torque of generator 1 (generator 1 was considered the reference for the system test). Analyzing Figure 5 it is observed that the increase of damping coefficient creates more damping for oscillations, and the system achieve a new stable operation point more quickly.
Conclusions
This paper presented studies on the performance of the PSS controllers for the damping of low-frequency oscillations in a electric power system. The PSM was used to represent the multi-machine system. Following, the PSS controllers were introduced, using as input signal the variations of angular speed (∆ω) in order to introduce damping.
The location of stabilizers was determined by participation factors and the adjustment of its parameters was carried out in accordance with the phase compensation method. Through simulations on the South-Brazilian Reduced System it is concluded the efficiency of PSS to promote stabilization of electric power systems.
Resumo. Este trabalho apresenta estudos sobre a Estabilidade Dinâmica de um Sistema Elétrico de Potência com a consideração do Estabilizador do Sistema de Potência. O Modelo de Sensibilidade de Potência foi utilizado para representação do sistema. Através de simulações de um sistema teste serão obtidas informações a respeito da estabilidade do sistema quanto submetido a pequenas pertubações.
